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we reobserved n earlhe clo udlop, where d,e bulk Richards o ,I nu mbe rw a s
～ 1, m ainlydue Eothe sLn ng
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o n ofail
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1 IntrodⅦ ctio n
M illim eler- w a v e radars arequite s e nsitiv eto
s m all hydr o m el or s, a nd pr ovide exc elle nt spati al
res ollltio n and minim al stlS CePtibility. n ey are
ctlrre ntlybeing appliedto studies ofmicr ophysics,
dyn amics a nd tu rbule n ce of v ariollSkinds of
clo uds(e.g. , Pal, m a nyetal･, 1994;BlⅥestein et al･,
19 95; ClotlliatE et al., 1 995; Syr ettet al+, 1995,
ultal et al., 1 995, Da nn巳 et al. , 1 96). Another
adv a ntage of m n- w ave radarsistheir m e cha nic al
co mpactn e ss, which allow sthe m to be operated
fr o m m obile gr?n nd
-bas ed
,
airbor n e
･
a nd spa ce-
bas edplatfo一皿ち aS W ellasfr o m ships･
¶1e de v elopm e nt of s olid-state m m- w a v e
c o mpo n er[ts a nd high-po wer klystr o n a mplifiers
has spurred the evolutio n of r eliable･ c ohererEt
r adars oper ating tlPlo95 GIIz(W -ba nd), which is
about the shortest w a v el 71gththat c an be u s ed for
a m eteo rologicalradar(L hermitle,1 987a nd 198)･
h ad dit o n, adv a n cesilldigital slgnalpro c esslng
te chn ologyhav e re st111edin single- c a rdproc ess ors
that c a n sim lta neou sly ex e c ute algorithms to
co mpute refle ctivity, Doppler, a Tld polariz71etric
qu a ntitiesin realtime(Pasqu alu c ci et all , 19 83;
M e ad et al.
,
1994). Usingthese v ariable s, m a ny
res e ar chers ared v eloping V ario u s algo rithm slo
retriev eiceniquidw ater c oTIte nt, Siz edistributio n s,
nu mberdetLSity,fallspe ed andshape ofparticlesin
clotlds(e.g･ , Sass en, 19 87; M atros o vet all , 19 92;
R1)SSChe nberg,1 993;M e adetal. ,1 994;Atla s etal･,
1 995;Br o w n etal･, 1 995; Kropflia nd Kelly, 1 9 96;
Schn eider and Stephe ns, 1995; Sekelsky a nd
Mchtosb
,
1996)-
A 95 G liz polariln elric Doppler r ad r
(M IR A C L E, M nlim eter R A darfor Clo tld Layer
Explor atio n) w asinstalled at the G K S S Rese arch
Ce nter
,
Gtesthacht, Ger m a ny, in hte 1 995, to
sttldy the co rnplex role of clotlds in the clim ate
syste m Dtlring a 血stfieldtest ofthe syste m, a
deep str atifor miceclo ud w as obs erv ed al G K S S
fr o m16 031o 1608G M To n0 6 De c. , 19 95, which
is stlbje ctofthispaper･
2 T he G KS S 95 Gflz po)arim etric
Dop pler r adar
r
rhe main chara cteristics ofthe G K SSradar
(M IR A C L E) aresho wn in
r
rable 1 (s eefurther
detailsin Qu ad e et al. ,1 996). n e be a mwi dlh of
the a nte n n ais 0.1 7o,thatis,15 m ata n altitude of 5
kn. Basically, this r adarc a n m e asllreZh h, Zv v ,ZD R
a nd
,
m e a nDopplervelo city a nd spe ctralwidlh by
the ptls e
-
pair m ethod, a nd Doppler v elocity
spectru mbythe F F Tm ethod･
Duringthe obser v atio n alperiod, the radarw as
丘Ⅹed v ertic ally, tra nsmitting only ve rtic ally
polariz ed ptlses, a nd m easurlng the Doppler
v elo citybythe pdse-palr m ethod･ T he･detectio n
li mi1of Zw w a s125 d B Zat5 km . ¶1e radar
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Figurela sho ws thetim e-height Cro ss s ectio n
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Ze;d BZ). m e height andtim eiTIterV als w ere30
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,
r especliv ely･ T here we r e
c o n v e cliv e echo es abo v e - 4.6 kTn
,
aI一d stre ak
echoe sbetw ee n3 and4.6 k81. T 山n stre ak echoes
fro mdiffererlt ge n erating cells m erged wi1h e a ch
other(forex a mple, s e e altitude sbetw e e n4.0 and
416 km illthe first30s e co nds)a nd for m ed a lo ng
thick stre ak. Se v eral･stre aks w eredete cted
sim tllta n e o usly aldiffere Ⅱl altitudes, indic ating a
m ulti-layer stru cbre. Another thin slralifor m
radar e cho w as obs erv ed belo w2.5 km .
3 Meteorologicalco nditio n s
N O A Asatelliteim ageries at1 206 G M To n06
De c･ , 1995(not sho w nhere), indic atesthat the
w a v el ike clotlds withlo wbrightn essterrlperature
e xisted in t】1e SOllth of r adar site.
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Figure2 sho w sthe v ertic al profile s of air
te mperattlre, POteTltialtemper atu re, r elative h1mi-
dity a ndwindspeed obser v ed al Linde nberg upper
air sotlndig statio n, abolユ1 280km s ollthea st of
Ge esthchl
,
at 1200 G M To n06 De c., 1995. A
sotllh-e aslerly wiJld ble w at m ost lev els ofthe
tr opospherewith 且n average SPeed of
- 20m sll.
1fthe air m o v ed fr o m Lindenbergto Ge eslha cht
witll this air spe ed, il w o11 dha ve arrived at
Ge estha chlataro u nd 1 600 G M T.
r
rher e w erethre elayers(I, IIalldIII from the
bottom)in whicll relativ ehtlmi dily was s atur ated
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with respect toice･ The top Of each layer w as
botlTldedby a te mperattlT einv er sio n or str o ngly
stable slratiBc atio n. T he
∝ c11rred illlaye rIll(
～
-29
echo top w as
～ 5･15 kn(-3 0
ex c e ed d that of layerIIl･
c o nv e ctiv e echoe s
o
C). n e le v el of
oC)and appar ellty
Th占stre ak echo es
o c ctlrr ed illthe dryregion betw ee nlayersIIalld lII･
The dry a ndther m ally stable layer abo v elayerⅢI
w as 且Is o char acterized by slr o ng wi皿d she ar･
W in d dir e cto n(n otfLgured)cha nged slightly with
altittlde asfollo w s:1 40oinlayerI, 12 0
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o abov elayerIII･
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cDLe sthe deL*h o/the bye r whe ry e a ch
v alu e w a s cd uLd ed.
Figu re3 sho w sthe kinetic stability ofthe air･
thatis, the bulk Richards oTl n uTnber(Fig･ 3a)and
squ are of v erticalshe 且r Of horizo 1.tal wind(s
12)
(Fig. 3b) c alc ulated &o m the so uTldhg data at
Lh de nberg･ The v ertic al wind she ariTICr e aSed
dr astic ally abo v e5.0 km(abo v elayerIll), andthe
btl k Richards o n Jltl mber w as abo ut 1 at attitudes
betw e e n5.0 aTld 5.4 km(just abo v elayerlTla nd
tleaT the lev el of clo ud top)･ Co TIV eCtiv e.e cho es
w ere e mbedded illthe layer wher ethe bulk
Richards o n ntt mber w as negativ e, tht lS, at
altitlde sbetw ee n4.6 and 4.9 km (inlayerlI)･ lt
w as als o negativ ebetw ee n2･9 and 3･O km OtlSt
belo w str e ak echo es), altho ughthere w ere n o
c o nv e clive e cho esinthislaye r･
4 Estim atio nofverticalair v elo city
T be v erticallydire cted Doppler radarJTle aSure S
the effectiv efallspe ed ofpre ciptatio nparticles･
To dedu c e v ertical air m otio nfr o mthe Doppler
v elo city (V,), the termin al fallv elo cities of
particles (V.) ha v elo be estim at占d･ M any
res ear chers u sethe fo r mula Vt= a Zb
b
to c alculate
Vt･ Ifthereis n overtic al air m otio n, the Zc
- VD
r elatio nship gives a n e stim ate ofthe.
termin al fall
v elodties ofparticles･ Further,ifthe mea n v ertical
air m otio nis w e ak 且ndthe degre e of fllCtu atio n of
updratlght is n early the s a m e asthat of
do w ndra ught, the regressiorLlin e of Ze - VD W Ould
repres ed theZc - V.r elatioTIShip･
Go od Ze- VD COrrelalio ns ar efottnd betw e en
altittldes of 1.6 a nd 3.9 km . Bow ev er, the ZB - VD
r elatio nship abo ve 3･1 8 km (Type A) apparently
differsfr o mthatbelo w2.55 km(Type B)I The Ze-
v. r elatio nship fo r s n o wfall pre se nted by
SatlV age Ol(1 9 92)Tn atCheswellwith TypeA･
v
,
= o.817 Z
e
O-Od' (TypeA) (1)
v
,
= z
e
o･o62
(TjPe B) (2)
Relatio nships(1)a nd(2)agre e w ellwiththos e
obtain ed byll占ym sfleld(19 75b)a nd CarboTle a nd
Bohn e(1 975)I T h占ydiffer slightlyfro mthose of
Auria a nd CaTrIPistr o n(1 987), Carbolle a nd
Sriv astav a(1975), Berz eghand Hobbs(19 75), a nd
differ stro nglyfro mthos e of Matr os o v et al･(1 994)A
n e differenc e a m o ng theseZe
- Vt r elatio nships
w o uld be m ainlyc a used byty pes ofs n o w crystals･
Th)aA w asfo u nd in thelo w er str atiform r egio n
(- -1 0
oC). Labor aloTy e XPerinleTltS a nd field
obser v atio n sirldicate that colu m n orthick plate
crystals arethe predo min allt type Ofs n ow crystals
lht gr o w in this temper atur e regiop (e･g.,
耳ob且yaShi, 1 961;M ago no and Lee･ 19 66)･ サpe
B w asfotlndinthe str eak e cho regio n(- -1 8
o
C),
wher epla nede nd rit c crystals arekn o w nto bethe
predomin a nt type ofs no w crystalsI IfIke siz es
arethe s a n e
,
c olu m nor thickplate crystals fall
faster tha n pla n e de ndritic crystals (e･g･,
Pruppa cher a nd Klett, 1 978), co nsite nt with the
observ edres111t.
n etim e- height cr oss s ectio n ofthe e51im ated
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verticalair v eloclyis sho w nin Figurelb. T hereis
a disc o nlintlityin the v ertic al air v elocityat a n
altitude of 3.0 km
,
sin c e differe nt ZB･ V(
r elatio nships w ere us ed blo w a nd abov e3･O km .
M a xim u m tip- a nd do w ndra ugh1 w ere- 1.5 m s-
1
.
M orphologlCally,likethe e chofr ee v a ultin a stlPer
cell stor m, a r adar echo of co n v e x shape
c orrespo ndsto a stro ng llPdr atlghl regio n(e･g,, at
the dm e m arks of60 - 75se c o nds a nd 240- 25 5
s ec o ndsin Figs, la aTld l b)･ ltisto be n otedthal
the sign ofVD W as negative a ndparticle sacttlally
m o v ed upw ardinthe stro ng updratlgh1regio ns(≧
1 m s-1).
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'
v e v qE e s m ep n
updTYZu8hlDnd n egativ e yqLu e s m e a ndoTI
･
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Fi伊Ir e1 cle arlyindic ates a strong correlatio n
betw ee n e cho top lev el a nd vertic al air m otio n.
Figure 4, the relatio nship betw eeTl echo tople v el
a nd m ea n v ertical air v elocity at ea ch echo top
lev el
,
sho w sthat the echotoplevel decre ased with
in cr ea slng m ean do wndra ught velocity. W he nthe
m ean v erlic al air v elo city w a s0 m s-
1
,thelev elof
echotop w as5･15 km, which c orre spo nded w ellto
the a v eraged e cho top lev el.
r
rhe sta ndard
de viatio n ofthe m ea n air velo citysho w Jlin Figtlre
4 incre asedstr o ndy abo v e a naltittlde of5.1 5kn .
r
nlis res ult s uggests that tu rbulen ce c atLSed by
str o ng windshe argreatly affe ctedthe air velo cities
ofo v ersho oting alrPar eels･
5 Stabilityand turbtle n c e
Q11a Ⅱte el all (1996) aTlayzed the clo ud
str uctureofthis c as eby spe ctrala n alysis Ofradar
refle ctivily a nd Dop pler v elo city tim e series.
They reported th&1 the re丑e ctivily 且S W ellas
v elodty spcctr un showed higher spe ctr al
a mplihldes in the convectiv eregio ntha nin the
stre ak reglOn ･ They gav e clear evi deTICefor a -
5βth po w erla w, indicating that micr os cale
turbule n c e pr o ce sses m ade a slgniflca Tlt
eorltributio ntolie observ edv elo cities. Sinc ethe
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r e stlls ofthe detailedspe ctrala n alysts are reported
in a n otherpaper, the l11rbl1e nl slm clule OflIle
clo udwill be simplystudied her ebytlSlng PSeudo
turbtlent kin etic ell e rgy(P T E E). The definl1io n
ofPY REfollow slhal of n or m al111rbl1e ntkinetic
e n ergya nd itindic atesthe degre e of fluctu ation of
v
H
e
e:
a
p;%
V
瀧-.･･t;諒):仰 (3)tim e- a v e r aged v ertic alair
velo city a nd ve rtic al air v elo city al tirrle=i,
re spectiv ely. ¶1e tim e step is equ al to the
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samplingillterV al, that is, 0･3- s e c o nd. Figu re5
sho w sthe v ertic alpr o丘1es oftim e- a v e r aged P T K E･
m E de cre as ed wi1h altitldebetw ee n1.4 a nd 2.2
km, a ndin cre as ed betw e en2.2 a nd 2.8 km . It
w aslarge at altiludes abov e4･O k叫 a nd e specially
so abo v e5･0 kn(n e arthe clo udto
-
p)･
r
rhe r elatio nshipbetw e e nthe btlk Richards o n
n u mber a nd tim e- a v e r aged P T K E is depicted in
Figu re6. Althotlgh 1he s o u nding dat且 W ere
obs erv ed abo ut280 km fr o mthe radar site abotl 4
ho ursbefor e, the 丘gu re sho w s that P T K E
hcr eas ed whe nthe btlk Richardso n nll皿ber w a s
lesstha n10. T his re sultis c o nsiste nt wi1h tho s e
fotlnd illthe bo u ndary layerby m a ny r es ear chers
(e.g･ , Stull,1 988)･
6 I)is c u s sio n
6.1 Wave s andc on v e ction
h the follo w ing, W e a s s um ethat the obse rv ed
systeJndidn ot change largelyits stru ctu redt)ring
su ch a sho rt period of obs erv atio n tim e as･5
mintlte S.
一 山e tim e -height cro ss s e ctio71 0fthe estim ated
v ertical air v elocity stlg 野StS the o c ctlrren C e Of
w av e m oti n ofthe airbetw e en allitudes of 2.5 a nd
4.0 血 Since the tim ehter val betw e en crests of
the w av e w as21 0se c o nds andthe m e a n air spe ed
ofthe layer w as17･O n s-
1
, its w av elength is
estim atedto be ～ 3.6 km .
Updr atlghts predomin ated in the c
.
o n v e ctiv e
reglO n abo v ethe regio n Wherethe air m oved
tlPW ard in the w av e･ On the co ntrary, do w n
-
dr atlghts predomitlated abo v ethe regio n wheretlle
air m oved do w nw ardim the w a v e･ T he clla 皿geS
ofthe v ertical air v elo cityin Fig1 7indic ate m o re
clea rly the stro ng c o皿 e Clio n betw e e n the
co n v ective activity a ndthe u nddatory air m otio n･
TLe a 皿plittLde ofthe v ertical air v elo city w as ～
o.1 m s
'ユ belo w2.8 km a nd iTLCr e aSed with altitllde
abov e 2.8 km .
r
rhe short-te r m fl11Ctu atio n of
verLicalair v elo citybetw e e n2･8 a nd 319 6 km (in
the w av e) w as s mallerthanthat belo w 2･& km ･
G血1tepe aJld Starr(1 9 95) als o folnd that the
a mplitude ofs mall-s c ale fltICtu atio ns w asge n erally
s uppr essed illlarger
-s c ale w av esi)I Cir ru s clo uds･
Ju stbelo wthe co n v ectiv e r egio n(H = 4･2 6- 4.56
km),the geTler altithe-tr e nd ofv eTtical air v elo city
c orrelated w ell wi1hthelow er-lev elu ndulatory air
m otio n(fI= 3･66- 3･9 6 kn), altho ughits ntlCttl-
alio)I W aslarge. Inthe upperhalfofthe co n v e ctiv e
echo regi?A(H
- 4･8 6- 5･1 6 kn)I ho wever･ the
v ertical air V elo city didn ot c orrehte with the
tlndulatory air m otio n, but sho wed str ongsm 且11er-
s cale(≦1 km)fhlCtu atio ns.
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The w a v e appe ared inthelayerwi･th a n egativ e
bulk Richardso n n u mber a nd slr o ng wind she ar,
thatis
, 7.2 Ⅹ 1 0-
3
s
ll betw ee n2･4 and 3.0 kn and
5.1 x l O‾3 s‾1 betw e e n3.0 a nd 4.0 km Tl旭S e are
fav orable co nditio nsfordevelopm e ntofa gavity
w av e
, Follo wi ng the the o ry of Lalas and Ein atldi
(1 976), the possible w av ele ngths of the shear-
indn c edgra vity w av e ar el O･9 bn(m ode I), 20･O
kn (m ode ll) a nd 2 916 kTn(m ode lII)･ T hese
w a v el ngths ar elarger thall the obse rv ed
w a v el ngth. 日ow e v er, if w eassu methat the w ave
de veloped abo v e218 kn1, a Silldic ated in Fig1 7,the
calcuhled w a v el ngths are6･8 kTn(m ode I), 1 2･6
km (m ode II), 1 8･5 km (m ode Ill)･ Sinc ethe
･s otlndiIlg 血ta al Linde nberg w ere n ot s uffic e ntly
reliable, especially in height resolutio n, m ode I
c o ulda cc o u ntforthe obs erv ed w avele ng(h･ ln fa ct,
Gultepe a nd Sta rr(199 5) repo rted that gravity
w a v es w ere m orefrequ e ntly fo u nd of sc ales
betw e e n2 a nd 9km .
Figtlrelbsho w s an other s mal l- s c ale structure,
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that is
,
a large in cr ea se of updr aught v elo city
abo v e4･O km a nds ever al m BLXim ainthe llPdr aughl
r eg10Jl, indicating idermitte nt c ozIV eCtio n, In
their n u m ericale xperim ents, Starr a ndCo x(1 985
b)als oFoi血ed o ut that the c elsinthe cir ru s cas e
appea H rK)r e a Srislllg bubbles orptlffs tha nthe
m ore stlStainedther m als see ninthe altoslratus c ase.
(A)
51 00
4910
r
rbe iTItermiIte nl updratlght appar ently didn ot
originateinthe c o nve ctiv e echo regio n(abo v e4.6
k皿), btltin the streak regio n(～ 4 km)a nd belo w
thelher m ally-tl n Stablelayer･
A str o ng iTItera Ction betw ee n co n ve ctio n alld
for m atio n of gravity w a vesin the stable layer
belo w hasbee n s uggested by m ally l eSe arChers
(Carbo ne a nd Bohne, 1 97 5; Heym s月eld, 197 5a;
(i
Testud el al･
,
1 980; Wa ng et al. , 1 983;Starr azld
Co 託
,
1 985a;Allria and Ca mpistro n, 1987;Sasse n
et al,
,
1 989; Eeymsfieldet al., 19 90; Starr a nd
Wyle, 1 990; Qu aI叫 198 9; Gtltepe et al. , 1 95;
Gullepe aJld Start, 1995;Kropniand Kelly, 1996)･ 壬
Eow e veE
･
O tlr C a s e exemplified this str o ng ･冨
co n ne ctio ndir ectly･
P;
6.2 Micr ophysic alstr u cture ofthe
ic e clo ud
T he v erticalprorl e ofr adar refle ctivityis a n
indic atio n of microphysicalpro c esse sill a Clo ud･
¶ 旭 tin e- a v er aged v cr(ic al distributio n of r adar
reflectivity(10Leg 乙)in Fig. 8 sho w sthat this
v alue incre ased stro ngly with decre asing altittlde
丘om 5.21o 4.9 km, a nd c o Ⅱlin11edtoiIICr eaS e血o m
4･9 to 4･6 km (in the c o n v ectiv e e cho regio n).
Fr o m4･61o 3･4 km(inthe stre akregioJl),1 0LogZe
in cre ased only sligh11y･ Thereforepre cipitatio n
particles ar einfer edto hav egro w n m ainlyin the
c o n v e ctiv e echo regio n. Betw e en3.0 a nd 2.7 血I
altitude (a layer with lo w relativ e hu mi dity),
1 0Log Z. decre ased wi1h decr easing alliltlde,
stlggeStingthe evaporatio nofparticles.
Also sho w nin Fig･ 8 is the tim e- a v e r aged
v ertic al distribtltio n of the vertical Dopplef
v elo city (VD)･ Here, the positiv e sign of VD
plea nSthat particles m o v edo wnw ard1 10 LogZe
In cr eas ed slightly l nthe lo wer stratifor m echo
re由o n(betw e en 2･7 a nd2･1kJn, in layerlT), the n
stro nglybelo w2･1 km ･ VD alsodecr e a s ed largely
belo w l･8 km, indicating the e v aporatio n of
pre cIPitatio nparticles atle ast belo wthis altitude.
r
rbe valtleS Of VD in the lo w er str atifo r m echo
regio n(below 215 km) w er ehighertha nin the
c on ve ctiv e a nd stre ak echo regio ns. In co TltraSt,
the v alu e sof 10 LogZ. we r e m u chs m allerinthe
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lo w e rlayertha nin the up peり ayeT. T帖s fa ct
stlggeStSthat thediffere n c ein Dopplerv elo city ca n
be ascribedto adiffere n c ein thetype ofparticle s
or adiffere n c einthe m e a n v ertic alair v elocity, a s
disc u ssed in s ectio n4.
CoDV eCliv e- s cale(1 ～ 0.5 km bワth in vertical
a nd horiz oTItals cale s)up- a Tld do w ndratlghts were
se en in the c o n v e ctiv e echo regi o nin Figurelb.
T he rlgur e Sho w sthat the rislng air parcels
c ontin u edto e xist ne arthe clotldtop eveJlthoIJgh
do w ndr aughI w aspr edomina ntbelo wthem , T hese
air parcels w o uld be able to s urviv e lJnlilthe air
lo stits bt10ya n Cy du etothe e ntrain ment of dry air
c atlSed by the s m all
-s c ale a nd str o ng tuTbtlence,
and w o uld be able to c olltin u eto produc e
pr ecIPitatio nparticles.
Upw arda nd do w n w ard Doppler v elo cities(Fig.
8b) a nd the v alu es of PT K E(Fig. 5)incre ased
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drasticaly n e a= he clo ud top(above 5.1 km),
similarto the obser vatioJ1 0fGultepe et al･(195).
This r esultstlggeStSthatthe forced c o n v e ctio n n e ar
the clotld top a mpli丘ed the v ertical aiH n Otio n s,
sin c eIke bulkRichardso n ntlJnber w as- I abov e
5･O kJn
,
dtle 皿 ainlylo the strozlg wiJld she ar. In
addit o n to the c onve ctiv e-s c ale tip- a nd
do w ndr a11gh1s, s mal l-s c ale o n es(<100m both in
v ertic aland horiz oJlta scales)w ere se e n abo v e5.0
kn1
, a S Sho w 皿 irl FigLLr elb. Tbis w o tlld
c orre spond to the szr nll-s c ale disttlrban ce c a lLSed
by stro71g willd she ar(s mal-s c ale Kelvin -
Eelmhollz w a v es)益s fotlnd by m a ny re se ar chers
(e･g･ , Raym e nt a nd ReadizlgS, 1974;Eeyzn sfieldet
al. ,1 990;Sass en etal. , 1990).
As se en in Figtlrelb, stro ng do w ndr aughls
existed betw e en c ozIV eCtiv c ells
,
that is
,
w e ak
echo regio n s, a ndtlPdratlg7tS existed ill C O O,eCliv e
ce11s･ ¶lu S, in ge ner al, there w a s a c o r r elatio n
betw ee n re瓜 clivity a nd updr &ughl as fotmd by
Carbon e a nd Bob e(1 975). Fro mthis res ult,
theysug ge stedthat m o st ofthe par(icles arefalling
ba ck thr otlghthe tlPdra ughl rather tha ndiverging
alo免illtO the do w ndraughl. In otlr Case, ho w e v er,
the organized do w ndrallghts pe n elraled iTItO the
co n v ectiv e cells a nd belo w tlPdra ugh1 reglO n S.
Fu rther
,
stro ng r enedivities w ere also fotlnd in
do w ndr aughtregions(as s en belw ee naltitudes of
4.0 and 4.5 km at thetiTne m ark of 90s e c o ndsin
Fig･ 1), T herefor e, paTtkle s gre w both ･ in
updr atlghl a nd do w JldrallghlreBions.
The av er aged v ertical proliles of r adar
refle ctivily in tlP
- a nd do w ndra ughls are also
sho w nillFig･ 7a･ Radar r ene ctivi1yin do w n-
dra ughts w as sJ7n11erthaz1halin tLPdrat)gh1s abo v e
4 5 km o n a n a v erag , wh;ch c orr espo nds lo the
fact tht the Jn aiTl do w zldrallghls w ere for m ed in
w e ak e cho reB10 nSbetw eell gener ating c ells.
Radar r e8ectivityill uPdrat1ghtsin cre as ed r apidly
within cr ea slng altitlJde 丘o m 4.45 to 4.6 5 kn .
T 出s fact indic ates the existe n c e of an
a ccu m ulativ elayer of particles at the altiude of
4･65km, a s s tlg geSted by Sass e n et al. (1989).
Radar reflectivitydec re asedstr o ngly abo v e4.9 血I
both in the updra ughts a nd the do w ndT a11gh1s,
indic ati】1g e v aporatio n ofic e parLicles 血 e to
etlTaiz1 皿 e nt OfI)pper dry airin tlle Clolldtop ar ea.
Radar r e瓜e clivity in the do wndr allght iTICr e a Sed
m or e stro ngly withde cre asing altitudetha nthatin
the updr&ugl1 fro m4.9to 4.6 kn inthe c o n v ectiv e
e cho regio n, indicating that particles i)I the
do w ndr atlght gre w faster tha n tho s e in the
tLPdra ughI･ In ge ner al, the a m o u nt of superc o oled
liquidw ater andthe v alu e ofrelativ ehumi dity are
s m allerin the do w ndratlghl than inthe up中a ugh1･
nler efore
,
the large incr e a s ein r adarrelleclivity
with height in the do w ndra ugh1 sugFesls that
precIPitatio nparticles in cre ased their sIZ eduring
theirfall by aggregatio n.
7 Su m mary and c o n clusio n
T比s paperPr ese nts a c ase Study of a de ep
stratifor nice clotld observed by the G K S S 95
Gtlz polarim elric Dopple r r adar･ The allitudes of
echo top a nd bottom w ere ～ 51 5 kn (-3 0
-C)
a nd - 1 km (-7
oC), re
.
spe ctiv ely･ Echo top
lev elincrea s ed with in cr ea slng m ea ndo w ndranghl
velo city･ The c)D ud c o ntained co nv ectiv e e choes
abo v e ～ 416 km
,
and typical stre ak e cho es
betw e e n3 a nd 4.6 km . T here w as a n otherthin
stratifor n r ad r echo belo w 215 kzTlfor m ed by
w eak asc ending air n otion.
The tim e- height cro ss s e ctio n ofthe retrieved
v ertical air v elo city indic atesthe ocetlr r e n C e Of
w av e m oti Tl(W a v el ngth ～ 3･6 km)of airin the
streak reg10 皿･ 7 be w a v eis stlggeSled to be a
gravity w a v ede velopedjtlSt abo v e the low e r
slr ati for m ecllO･ Ju stbelow the c oIIVeCliv e regio n,
the ge n er al tim e
-tr e nd of v ertical air v elocity
c orr elated w ell withthelo w er-lev elu ndulalory air
m otio n･ m eiⅡtermitte nt updratlgh1 orlgln ated in
the cr est oftlle W a v einthe stre akregion(ー 4 km).
T he rising air parc els c o71tin ued to s u rviv e and
pr o血 c eprecipitatio nparticles zle aTtile Cloud top
udilthe airlo s esitsbu oyancy･ Ⅰ皿 addit o ntothe
c o n v e ctiv e-scale (O15 - 1 km) llP- a nd do w n-
dr atldls, sn ail-scale(<1 00n) oz)es e xisted ne ar
tlle Clo udtop, wherethe b ulkRichardson n u mber
w as ～ 1, du e m ainly to the stro ng wind she ar.
T heir verlic alair v elo citiesdidTIOI corr elate with
the tl nd dato ry air m otiollbelo w.
Radar reflectivityde cr eas edstr o ngly above 4.9
km both in the updratlghts a ndthe do w ndra ughts,
indicalillg eVaPOr alioll 0f ic e particles dlle lo
e nlr aizIZn e nt OfllPPerdryair･
T his study sho wed a s a n ex a TDPIe the
capabilities ofa 95GHz-r adarto sttLdythe detailed
dym micaland micr ophysic alpro c ess e5wi1hin ice
clollds. flo w e v er
,
further observ atio n s Of v ariotlS
type s of clolld system s by usITlg the clo ud r adar
and sim ultan e o llSiTI SihL rn e aStlr e m e l7tS are n eed d
to c o nfir m a71d evaltlatethe pr ocess es pres e nted in
this c ase sttldy.
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